Introduction
Mycobacterium tuberculosis infects a third of the world population and the increasing spread of multidrug-resistant and extensively drug-resistant strains is a threat to public health worldwide. The validation of new potential targets for therapeutic intervention is thus a priority in the fight against tuberculosis. Several genes annotated as hypothetical proteins of unknown function in the M. tuberculosis genome are now known to be confined to the Actinomycetales class or even only to the Mycobacterium genus and thus might represent potential candidates for specific antituberculosis drug targets (Cole, 2002) . Here, we show that Rv2714 (annotated as a 'conserved hypothetical protein rich in alanine and leucine'; http://genolist.pasteur.fr/ TubercuList/) is a representative of a new nucleoside phosphorylaselike family of duplicated actinobacterial proteins and we discuss the structural and functional implications of these observations.
Materials and methods
The Rv2714 gene encoding the whole sequence of the protein (residues 2-324) was cloned into the expression vector pDEST17 following the Gateway procedure (Invitrogen) and the resulting expression plasmid was used to transform Escherichia coli BL21(DE3)pLysS cells. The cells were grown in 500 ml LB medium containing 100 mg ml À1 ampicillin and 25 mg ml À1 chloramphenicol for 3.5 h at 303 K before induction with 1 mM isopropyl -d-1-thiogalactopyranoside (IPTG). After 1.5 h, the cells were harvested by centrifugation, resuspended and frozen in 50 mM Tris-HCl buffer containing 150 mM NaCl and 10 mM imidazole pH 8.0. The cellular suspension was thawed and the cells were lysed in a French press at 97 MPa. After centrifugation, the His 6 -tagged recombinant protein was purified by metal-affinity chromatography on Ni 2+ -chelating columns (HisTrap, GE Healthcare) followed by size-exclusion chromatography (Superdex 75 16/60, GE Healthcare) and concentrated to 8.5 mg ml À1 for crystallization. Selenomethionine-labelled (SeMet) protein was produced in E. coli B834(DE3) cells (Novagen) as described previously (Wingfield, 2000) and purified as above.
Initial crystallization screenings were carried out with sitting drops (200 nl protein solution plus 200 nl crystallization solution equilibrated against 150 ml well solution) using a Cartesian Technologies nanolitre dispenser workstation. Hits were manually reproduced and optimized. Two different crystal forms of the protein were obtained (Table 1) . Hexagonal crystals (space group P6 3 , displaying merohedral twinning) were grown in 1 M sodium citrate, 0.1 M HEPES pH 7.5, 50 mM ammonium sulfate and trigonal crystals (space group P3 2 21) were grown in 1.5 M ammonium sulfate, 0.1 M MES pH 6.5, 10% 1,4-dioxane.
X-ray diffraction data were collected at the ESRF synchrotron (Grenoble, France) using crystals frozen (100 K) in mother liquor plus 25%(v/v) glycerol. A 2.7 Å resolution data set was collected on beamline ID14.4 from a single SeMet hexagonal crystal at the X-ray energy corresponding to the peak of the Se K edge (12.661 keV, = 0.9793 Å ), as measured by a fluorescence scan, and a 2.6 Å data set for the native protein in space group P3 2 21 was collected on beamline ID14.3 ( = 0.931 Å ). In both cases, data reduction (see Table 1 ) was carried out using the XDS/XSCALE package (Kabsch, 1993) . For the hexagonal crystal form, a total of eight selenium sites were located with the program SHELXD (Sheldrick, 2008) and single-wavelength anomalous diffraction (SAD) phasing and density modification were carried out with the program autoSHARP (Vonrhein et al., 2007) . Despite the presence of merohedral twinning, the resulting electron-density map (phasing power 3.44, figure of merit 0.62) was interpretable and allowed manual tracing of about 80% of the polypeptide chain with O (Jones et al., 1991) and Coot (Emsley & Cowtan, 2004 ). This partial model, which was initially refined with REFMAC (Murshudov et al., 1999) from the CCP4 suite (Collaborative Computational Project, Number 4, 1994) and then with SHELXL (Sheldrick, 2008) applying twin refinement (twin fraction 0.43), was subsequently used as search probe to determine the structure of the trigonal crystal form by molecular-replacement methods with the program Phaser (McCoy et al., 2007) . The new model was manually extended with Coot, refined with PHENIX (Afonine et al., 2005) and validated using the MolProbity server (http://molprobity.biochem.duke.edu). Final refinement parameters are shown in Table 1 . Atomic coordinates and structure factors of Rv2714 in space group P3 2 21 have been deposited in the Protein Data Bank with accession code 2wam (the coordinates of the partial model in space group P6 3 were not deposited, but are available from the authors upon request).
Results and discussion

Global fold
The structure of Rv2714 has been solved in two distinct crystalline forms. The first crystallization hits led to merohedrally twinned crystals with apparent point-group symmetry 622. Nevertheless, an interpretable electron-density map could be obtained from SAD phasing using an SeMet protein crystal, which showed two monomers in the asymmetric unit and allowed the manual tracing of about 80% of both polypeptide chains. After preliminary refinement, this partial model was used as a search probe to determine the structure of the second (trigonal P3 2 21) crystal form using molecular-replacement methods. This crystal structure contains three monomers in the asymmetric unit and was refined to a final R factor of 17.5% (R free = 22.1%) at 2.6 Å resolution (Table 1 ). The final model includes residues Ala10-Leu290 plus a C-terminal -helix spanning residues Gly304-Glu316 for chain A; similarly, Arg11-Ala284 plus the same helix comprising Gly304-Glu316 were traced for monomer B. The core region of monomer C could be traced from Ala10 to Ala284, but in contrast no electron density was visible for the C-terminal -helix. This helix displays very high mobility in the other two monomers, as shown by the high average B factors (>100 Å 2 ).
The protein folds into a trimer, with each monomer composed of two distinct domains: an N-terminal domain made up of a central -sheet of eight strands flanked by three -helices and a helical C-terminal domain composed of four -helices (4-7; Fig. 1a ). A -hairpin formed by strands 4 and 5, inserted between the second (3) and third (6) strands of the N-terminal -sheet, interacts with strand 10 from the neighbouring monomer in the trimer (Fig. 1b) . The structure of an Rv2714 homologue also of unknown function, CGL1923 from Corynebacterium glutamicum, has been solved at 2.35 Å resolution by the Midwest Center for Structural Genomics (PDB entry 2p90). The two structures can be superimposed with a root-mean-square deviation (r.m.s.d.) of 2 Å for the core, excluding the C-terminal region (helix 7 is missing from the CGL1923 structure). The quaternary organization of both proteins in the different crystal forms indicates that the biological unit is most likely a trimer, which is in agreement with dynamic light-scattering measurements made on Rv2714 prior to crystallization (data not shown). Structure of Rv2714. (a) Cartoon representation of the Rv2714 trimer, with each monomer coloured from blue (N-terminus) to red (C-terminus). The C-terminal helix 7 is only observed in two of the three monomers. (b) Secondary-structure topology of the Rv2714 monomer. The hairpin 4-5 from one monomer interacts with strand 10 from a neighbouring monomer in the trimer.
Two bacterial classes of Rv2714 homologues
The family of homologues detectable from amino-acid sequence comparisons is largely restricted to Actinobacteria. Database sequence searches with BLASTP (Altschul et al., 1997) identified 56 nonredundant homologues using a cutoff of E < 10 À33 after discarding sequences that were too similar (>95% identity in pairwise alignments). A distance tree calculated from the multiple sequence alignment clearly identified two groups or subfamilies of proteins (Fig. 2) , the second group being mostly populated by paralogous sequences from the first. This is particularly the case for mycobacteria, as the majority of these species have a homologue of Rv2714 as well as a paralogue (Rv2125 in M. tuberculosis), suggesting that the proteins in each similarity cluster might have acquired different biochemical or cellular functions. A notable exception appears to be the Corynebacterium genus, as the four sequenced genomes only contained the Rv2714-like gene with no paralogue (Fig. 2 ).
Both protein groups show different conservation patterns when aligned separately. Within each group, a mycobacterial subgroup is clearly defined, in line with their common descent. The dendrogram suggests that gene duplication was an ancient event in Actinobacteria, given the similar distribution of the paralogues (one per cluster) and the absence of a paralogue pair within the same similarity cluster. This was further reinforced by maximum-likelihood analysis using the PHYML program (Guindon & Gascuel, 2003) , which produced results that were consistent with those shown in Fig. 2 , although marginal differences were found in the clustering of some of the most distant sequences (data not shown). Distance dendrogram (based on pairwise sequence identities) of 56 sequences homologous to Rv2714 reveals two distinct similarity clusters. Sequence identities are in the range 23-86% for the upper cluster and 39-88% in the lower cluster (highly similar sequences with >95% identity were omitted). Each similarity cluster is mostly composed of paralogous sequences from the other. Note that corynebacterial genomes seem to have only one Rv2714-like gene and no paralogue. The multiple sequence alignment within the Rv2714 similarity cluster ( Supplementary Fig. 1 1 ) reveals about 20 strictly conserved positions and a larger number of positions with conservative substitutions. According to this alignment, the central / core (residues 40-230) is more conserved than either the N-terminal segment or the C-terminal helical domain. Moreover, similar amino-acid residues are observed to define the monomer-monomer interfaces (Supplementary Fig. 1 1 ) , pointing to a conserved trimeric organization for the whole family of homologous proteins.
The putative ligand-binding pocket
The projection of overall sequence similarity onto the molecular surface of the Rv2714 trimer reveals two clearly distinct sides of the protein; the concave region of the trimer is significantly more conserved in the family than the convex region ( Figs. 3a and 3b ). Furthermore, this concave face displays a narrow and deep pocket lined by well conserved residues in each monomer, suggesting that this region could fulfil a functional role as the binding site for a potential ligand (see below). The pocket has a largely hydrophobic character, defined by residues Phe47, Val153, Met155, Ile185, Val187, Pro188, Gly208 and Thr210 from one monomer, and Phe90 and Phe95 from the -hairpin (4-5) of a neighbouring monomer (Fig. 3c ). All of these positions are highly conserved in the Rv2714like family of homologues, except for Phe95, which can be substituted by other hydrophobic (Trp, Tyr, Leu, Val) residues ( Supplementary  Fig. 1 1 ) . In two of the three independent monomers the C-terminal helix 7 acts as a 'lid' covering the entrance to the pocket (Fig. 3c) . The bottom of the pocket contains two polar residues, Asn193 and His168, with the imidazole group of the latter forming a salt bridge to Glu196. The Asn position is highly variable in the multiple sequence alignment, but His168 and Glu196 (two residue types frequently found in the catalytic centre of enzymes) are conserved in the majority of homologous sequences to Rv2714 ( Supplementary Fig. 1) . Thus, 25 sequences out of 29 contain the His-Glu pair at these positions, while three additional sequences preserve the glutamate but have the histidine replaced by a serine residue.
Structural comparisons
Several methods were used to identify structural homologues of Rv2714. Excluding C. glutamicum CGL1923, these searches returned different results depending on the particular method used. Thus, the program VAST (Gibrat et al., 1996) detected the highest number of structural homologues (25 hits containing more than 120 aligned residues aligned with r.m.s.d.s of <3.5 Å ). In contrast, DALI (Holm & Sander, 1995) and MATRAS (Kawabata & Nishikawa, 2000) detected the longest topologically equivalent regions (160-190 residues) , partly owing to a better tolerance of insertions and deletions in the structural comparisons, while SSM (Krissinel & Henrick, 2004) identified shorter regions with lower r.m.s.d.s than the other methods. Despite these dissimilar results, all methods consistently detected a structural similarity between Rv2714 and several type I purine nucleoside phosphorylases (PNPs) or nucleosidases (Pugmire & Ealick, 2002) . Type I PNPs display a conserved protomer arrangement as trimers or hexamers and can accept a wide range of different substrates among purine or pyrimidine nucleotides. However, the monomer-monomer interfaces in the Rv2714 trimer are completely different from those observed in trimeric or hexameric type I PNPs.
The equivalent regions between Rv2714-like and PNP enzymes, as defined by SSM, comprise between 134 and 156 residues that can be superposed with r.m.s.d.s of 2.6-3.3 Å . The superimposable regions essentially span the protein core (Fig. 4a) , whereas the segments 4-5 and 5-7 from Rv2714 do not have structural equivalents and represent a signature of the Rv2714-like family of homologues. The substrate-binding sites of PNPs, as evaluated from the position of the bound ligand in various PNP crystal structures (Fig. 4b) , are found within the conserved concave face of the Rv2714 trimer and are located adjacent to, but do not coincide with, the identified pocket in Rv2714 (Fig. 4b) . In fact, the phosphoribose site present in all PNPs is completely occluded by a significantly larger loop in Rv2714 that connects 2 to 1. The adjacent pocket observed in the mycobacterial protein is instead generated because of a change in the main-chain trace of the loop coming out from strand 7. The bottom of both deep pockets display substantial differences in terms of the bounding residues: while polar residues are critically located in PNPs to position the nucleophilic phosphate group (Pugmire & Ealick, 2002) , in Rv2714 this floor is mostly of hydrophobic character. Nevertheless, since the size and shape of the Rv2714 pocket might be compatible with the fixation of nucleotidic substrates, we soaked several potential PNP substrates/inhibitors in the trigonal crystal form of the protein, in which the putative binding site is exposed to the solvent. Tested ligands included inhibitors that were cocrystallized with one or more PNPs (e.g. formycine) as well as potential substrates for PNPs/ nucleosidases (e.g. various ribonucleosides and deoxyribonucleosides). However, for all soaked compounds (10 mM concentration), analysis of Fourier difference maps failed to show supporting electron density for a pocket-bound ligand (data not shown). In addition, our attempts to measure a detectable PNPase activity for Rv2714 using inosine as a substrate (in conditions under which E. coli PNPase is fully active) were also negative. Taken together, these results seem to rule out a putative PNP/nucleosidase catalytic activity for the Rv2714 family of proteins. Table 1 Crystallographic data-collection and refinement statistics for Rv2714.
Values in parentheses are for the highest resolution shell.
SeMet Rv2714
Native Rv2714 Data jF obs j À jF calc j = P hkl jF obs j. R free was calculated for 5% of the data not used at any stage of structural refinement.
1 Supplementary material has been deposited in the IUCr electronic archive (Reference: TB5013).
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Figure 3
The convex (a) and concave (b) faces of the Rv2714 trimer are coloured according to amino-acid conservation (dark blue, conserved; white, variable). (c) Putative ligandbinding site of Rv2714. Conserved residues defining the pocket are indicated (see text). The entrance to the site is partially occluded by helix 7 (in yellow).
In addition to PNPs/nucleosidases, three carboxypeptidases were also found to be structurally similar to Rv2714: liver carboxypeptidase from duck (PDB code 1h8l; Aloy et al., 2001) , bovine pancreatic carboxypeptidase (PDB code 1m4l; Kilshtain-Vardi et al., 2003) and pancreatic carboxypeptidase from pig (PDB code 1zg7; Adler et al., 2005) . Superimposition of the Rv2714 monomer with two of these enzymes crystallized in complex with inhibitors (1zg7 and 1h8l) reveals a common conserved core (Fig. 4c ). Using SSM, 132 residues from 1h8l were found to occupy equivalent positions with an r.m.s.d. of 2.7 Å , while for 1zg7 126 equivalent positions were superposed with an r.m.s.d. of 2.93 Å . Interestingly, the active sites of both carboxypeptidases (considered to be the inhibitor-binding sites) perfectly coincide with the conserved pocket in Rv2714 (Fig. 4d ). However, a carboxypeptidase activity for Rv2714 is unlikely for several reasons. Firstly, carboxypeptidases are metalloenzymes containing a catalytic Zn atom and no metal-binding site was observed in the structure of Rv2714. Secondly, the active site of carboxypeptidases is a shallow solvent-accessible crevice (consistent with peptide substrates), while the pocket in Rv2714 is deeper and is occluded by the 7 helix ( Fig. 1 ), suggesting that it could accommodate relatively small molecules. Thirdly, the electrostatic properties of the Rv2714 pocket (largely hydrophobic) are clearly distinct from those observed for the active site of carboxypeptidases.
Clear structural homology was also detected with the chloroplast group II intron splicing factor CRS2 (PDB code 1ryn; Ostheimer et al., 2005) and hence with a functionally divergent group of bacterial enzymes displaying peptidyl-tRNA hydrolytic activity and considered to be evolutionary ancestors of CRS2 (Ostheimer et al., 2005) . In particular, structural similarity was detected between Rv2714 and the peptidyl-tRNA hydrolase (PTH) from M. tuberculosis (PDB code 2z2i; Selvaraj et al., 2007) . However, in addition to a different quaternary structure organization, the ligand/substrate sites in the related CRS2 and PTHs differ radically from the putative active pocket in Rv2714. Taken together, the above observations strongly suggest a new functional, probably enzymatic, branch for the Rv2714like family of actinobacterial proteins.
Concluding remarks
The structure of Rv2714 reveals a protein core similar to that observed in PNPs/nucleosidases and carboxypeptidases, with a highly conserved pocket that could represent a binding site for an as yet unidentified substrate or ligand. However, our results appear to rule out a possible carboxypeptidase or PNP/nucleosidase function for Rv2714. From a structural point of view, the putative Rv2714 substrate-binding pocket is more hydrophobic than a typical PNP, suggesting that the actual substrate (ligand) could be different from standard nucleosides. Moreover, the 4-5 and 5-7 subdomains are only found in Rv2714-like bacterial proteins and constitute specific signatures of this protein family. These structural elements may play a functional role, since the 4-5 hairpin serves as an anchor domain for trimer assembly (differing from that observed in PNPs), while the C-terminal helices 5-7 provide a particular environment to the conserved pocket in which 7 acts as a lid to the putative binding site. Further experimental work is required to validate these functional hypotheses and narrow down the class of substrates (or ligands) that could be specific for the Rv2714 family of actinobacterial proteins.
